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Current System, a prototypical eastern boundary current, attention has been focused on 13 explaining the trend in increasing shelf hypoxia. Despite the regional focus on hypoxia in 14 eastern boundary regions, relatively few studies have examined smaller estuarine 15 systems. Here, we present results from an observational study in Coos Bay, a small 16 estuary on the southern Oregon coast, subject to seasonal upwelling/downwelling winds 17 and wide fluctuations in freshwater input. Coos Bay exhibits characteristics of a salt-18 wedge type estuary under high river discharge conditions (>150 m 3 s -1 ), a well-mixed 19 estuary under low discharge conditions (0-30 m 3 s -1 ), and partially-mixed estuary during 20 times of moderate discharge (30-150 m 3 s -1 ). The observed vertical stratification and 21 along-estuary salinity gradients correlate significantly with river discharge, although the 22 tidally-averaged estuarine circulation is also sensitive to local wind forcing. Despite a 23 strong coupling with coastal waters where hypoxia has been present, we did not find 24 evidence for pervasive hypoxia in Coos Bay. The primary physical driver of seasonal 25 variability in dissolved oxygen levels is the estuarine exchange flow that controls 26 estuarine residence times. We find that upwelling on the shelf advects low dissolved 27 oxygen water into the estuary on synoptic timescales, but that the overall strength of the 28 upwelling season is not a good predictor of low dissolved oxygen levels in the estuary. 29 30 31
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Introduction 35
In the past decade, there has been growing concern about the increase in hypoxia 36 on the mid-and inner continental shelf of the California Current System (CCS) ( 
Thomas et al. 2003). Understanding changes in the conditions of CCS waters has wide 53
implications for other eastern boundary current systems around the world that experience 54 similar dynamics (Epifanio et al. 1983 
; Chavez and Messié 2009). 55
Despite the overall increase in hypoxic area in the CCS, there is significant along-56 coast variability in the observed incidence of hypoxia (Peterson et al. 2013 ). This spatial 57 variability is attributed to wider shelf regions facilitating longer residence times and more 58 organic matter input, thus elevating the potential for the development of hypoxia 59 Here, we focus on Coos Bay, a small estuary on the southern Oregon coast, which 75 is subject to the highly seasonal conditions common throughout the coastal Pacific 76
Northwest. Since no seasonal description of the water properties along the Coos Bay 77 estuary exists, we first focus on identifying the dominant dynamics through a new 78 monthly along-estuary hydrographic surveying dataset coupled with several longer-term 79 time series of water properties. Then we investigate variations in DO levels and compare 80 them with the observed hydrography and circulation. Finally, we put our new data in 81 context with a look at a historic DO dataset that extends back to the late 1950s in Coos 82
Bay. 83 84

Study Location 85
The Coos Bay estuary is mesotidal with mixed semidiurnal tides ranging from 2.3 86 m at the mouth to 2.2 m at the city of Coos Bay (Rumrill, 2006) . It is located south of 87 Heceta Bank, adjacent to a relatively narrow continental shelf ( The estuary has one opening to the Pacific Ocean at its southern end, near the 95 town of Charleston (Fig. 1) . The main channel extends north, almost parallel to the coast, 96 
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Results 215
Hydrography and estuarine classification 216
Seasonal variability 217
Salinity profiles from the CTD transects show the remarkable seasonality in Coos 218 Bay (Fig. 2) , and are representative of conditions during each season. The variability in 219 the along-estuary salinity gradient and stratification reveal a system shifting seasonally 220 through different estuarine classifications. In the fall (Fig. 2a) , the estuary is partially 221 mixed-isohalines are slightly tilted, and considerable freshwater is present, mixing 222 along the length of the estuary. Wintertime conditions in Coos Bay cause the estuary to 223 become a salt wedge. Fig. 2c shows the much fresher, and much more stratified salinity 224 section. Isohalines are nearly horizontal as large inputs of freshwater drive the salt 225 intrusion down-estuary. Springtime conditions are largely variable (Fig. 2b) , dependent 226 on the freshwater input and wind conditions. The Apr. 2013 section shown was taken 227
following an upwelling-favorable wind event on the shelf. The depth-averaged along-228 estuary salinity gradient is large, although the isohalines are nearly vertical and a plug of 229 saltier water was observed in the lower layer at the mouth. Despite the strong along-230 estuary gradient, stratification was weak, and the estuary was well-mixed. Summertime 231 conditions in Coos Bay are well-mixed, especially by late summer in September (Fig 2d) . 232
The salt intrusion extended to the limit of our observations, with the freshest water 233 having S > 30 and vertical isohalines. 234
The monthly CTD transect profiles did not resolve differences due to tidal 235 changes, as each transect took ~2-4 hours to complete. Nonetheless, the along-estuary 236 sections serve as useful tools in understanding hydrographic variation on seasonal 237 timescales, as the seasonality was observed to be repeatable over [2012] [2013] . 238
The seasonal variability in hydrography can be linked to the interconnected 239 oceanic, atmospheric, and terrestrial forcing on the estuary. Like other systems within the 240 CCS, Coos Bay's conditions are dominated by the strong seasonal shift in atmospheric 241 pressure that brings poleward winds, large rain events, and downwelling in the winter, 242 and equatorward winds, dry conditions, and upwelling in the summer. 
248
The wind data (Fig. 3a) show the predominantly poleward winds in the wet 249 season and the switch during the spring transition to equatorward winds in the dry season. 250
The seasonal winter winds bring strong precipitation events, which drive high discharge 251 events in Coos Bay from November until late April (Fig. 3) . Discharge diminishes to ~2-252 3 m 3 s -1 through the dry season. The observational CTD data showed the manifestation of 253 these conditions in Coos Bay's water properties (Fig. 2) . 254
To summarize the seasonal change in estuarine conditions, Fig. 4 illustrates the 255 along-estuary variation in stratification and salinity as a function of time using all the 256 monthly CTD data. The depth-averaged, along-estuary salinities supports the general 257 picture obtained by examining the full S transects with stronger gradients in the winter 258 months coinciding with the freshest waters observed ( The along-estuary vertical stratification, ∂S/∂z, also changes seasonally: during 271 summer and fall months, the stratification is low throughout the estuary, increasing into 272 the winter and spring. There is no persistent spatial trend in ∂S/∂z, although it does 273 increase slightly up estuary in certain winter and spring months. However, this bias might 274 reflect the calculation method of ∂S/∂z as the total depth (Δz) decreases as one approaches 275 the Coos River and exits the dredged channel (Fig. 1) . Here, we define the stratification 276 as ΔS/Δz, where ΔS is the difference between S over the upper 2 m and the lower 2 m of 277 the water column ( 
290
2012/2013 Comparison 291
The strong seasonality in the hydrography of Coos Bay was also apparent in the 292 data from the water quality loggers, which allows us to examine two seasonal cycles for 293
comparison. signal. In addition to the seasonal variability, the T-S data reveal clear variation between 298 the two years (Fig. 5) . 299 In 2012, salinity ranged from 2-34 and temperature ranged from 5.7-16.6°C. The 306 influence of freshwater did not start to dominate until February, corresponding to the later 307 onset of large discharge events to the estuary that year (Fig. 3) . In 2013, conditions were 308 warmer and saltier overall at the same logger location, with the minimum S = 13.8, the 309 maximum S = 34.2, and temperatures from 6.8-20.4°C. January 2013 experienced a 310 larger range in salinity than in 2012 due to some large, early season discharge events. 311
However, for all other months, the salinity range in 2013 was much reduced from that of 312 2012. Diminished discharge in the mid to late wet season of 2013 might account for the 313 disparity in the observed range of S (Figs. 3-5) . 314
The weaker freshwater inflow to the estuary in 2013 likely caused a reduction in 315 the estuarine residual flow and an increase in the extent of the salt intrusion, affecting the 316 local T-S properties at the BLM location. Coupled with the overall weaker summer 317 upwelling season in 2013 (Fig. 3a) , the water temperatures were higher in Coos Bay that 318 
334
Estuarine circulation and residence times 335
Seasonal variability 336
The ADCP data provide the most direct insight into the current structure and 337 time-varying flows in Coos Bay (Fig. 6) . While the ADCP dataset failed to encompass 338 the full range of seasons, it did capture currents from late Nov-2013 to late May 2014-339 fall, winter, and spring of the 2014 water year. The data show tidal currents on the order 340 of ~1 m s -1 and residual currents on the order of ~0.1 m s -1 (Fig. 6) . The dominant 341 variability in the along-estuary flow was due to the tides. A strong spring/neap cycle is 342 apparent in the data (Fig. 6) . The residual circulation is seasonally variable. In the late fall 343 and winter months, residual flows are weaker (Fig. 6) , corresponding to the low discharge 344 in the estuary from November-February. In spring months, the residual flow strengthens 345 with the arrival of large discharge events in mid February-May. We use salinities from the BLM and SSNERR logger locations to estimate a time-364 series of along-estuary salinity gradients. Because the loggers are positioned at a fixed 365 depth, the salinity gradient was not depth-averaged, and represented only the bottom 366 salinity gradient. However, our monthly CTD transects showed that bottom salinity 367 gradients were similar in magnitude to surface and depth-averaged salinity gradients in 368 all but a few cases. 369 For the ADCP time series from late November to late May, transit times were on 394 the order of two weeks. The median transit time was 14.0 days, the mode was 5.2 days, 395 and the mean and standard deviation were 25.5±103.2 days. The breakdown in this 396 approximation occurs when the whole water column was moving either up or down 397 estuary, which is caused by a breakdown in two-layer estuarine flow due to strong local 398 winds ramping up over the long north-south fetch (Fig. 6) . 399
For filling times, we used a volume determined from an updated bathymetric 400 dataset of Coos Bay, which includes a NOAA digital elevation model and channel 401 bathymetry from the USACE. Zero crossings in the ADCP along-estuary current profiles 402 were identified for every time step. Using those zero crossings, cross sectional areas for 403 the bottom and top layers were calculated. Transports were then found by multiplying the 404 cross sectional areas by the mean velocities in the upper and lower layers. The filling 405 time was calculated using the lower layer transport. The median filling time was 22.7 406 days, with a mode of 6.1 days, and mean and standard deviation of 63.9±522.9 days. Like 407 the transit times, this approximation broke down during periods where the along-estuary 408 components of the velocities were going in the same direction at all depths. The filling 409 times were longer than the transit times, but followed the same pattern. 410
Although several assumptions underlie these approximations, we believe they 411 provide an order of magnitude estimate of residence times that are useful to estuarine 412 managers and the discussion of dissolved oxygen variability. However, to accurately 413 portray the spatial and temporal variability in estuarine residence times across Coos Bay, 414
we would have to show: (i) the assumption that cross-estuary advection is negligible, (ii) 415 that the influence of tidal motions on residence times are small, and (iii) the along-estuary 416
ADCP velocities were spatially constant (Lemagie and Lerczak 2014). 417 418
Dissolved Oxygen Variability 419
Seasonal Variability in DO 420
Dissolved oxygen levels were lower overall in the dry season than in the wet 421 season (Fig. 7) , a result that indicates either 1) water properties in Coos Bay were 422 strongly coupled to shelf processes where a similar temporal signal is observed, or 2) 423 biological processes drew down ambient DO levels during summer. The coupling 424 between shelf waters and the estuarine waters has been previously documented for Coos 425 shows that in general, the lowest DO waters observed in the CTD transects along the 432 main channel coincide with the warmest waters, for example in September (Fig. 7b) . The 433 relatively low DO waters generally are found at higher salinities, although the minimum 434 DO levels are not found at maximum S (Fig. 7c) 
442
The exception to the DO-T relationship occurs in April of both years (Fig. 7) , 443 where low DO waters are observed near the mouth, with a strong along-estuary gradient. 444
The minimum in DO in these April transects coincides with colder, saltier water, in 445 contrast to the other transects. This observation, which we hypothesize as due to the 446 presence of upwelled water at the mouth of Coos Bay, is discussed further below in 447 combination with time series data from the other sensors. 448
To give historical context to the observed occurrence of low DO in Coos Bay, we 449 examined the DEQ dataset that spans 1957-2007 and covers a large portion of the estuary 450 (Fig. S2, inset) . Limiting the DEQ data to only the dry season months, we find only one 451 measurement of DO <2 mg L -1 (Fig. 7) , with the majority of all observations >5 mg L -1 . 452
The low DO measurement appears cold and salty relative to all the other data, suggesting 453 it is derived from upwelled waters, much like the April CTD data (Fig. 7) . The general 454
trend in DEQ DO levels shows that the lowest DO levels are found at the warmest 455 temperatures and at S ~24-28. These T-S properties only occur in the riverine end of the 456 estuary and in the summer months, when surface heat fluxes and relatively warm river 457 water contribute to the high temperatures and relatively lower salinities (compared to 458 oceanic values where S>30). Unfortunately, while the DEQ data are temporally robust, 459 they lack any information about sample depths, making it difficult to draw conclusions 460 about the historic occurrence of hypoxia in the estuary with these data alone. In addition, 461 sampling was widely inconsistent between years (Fig. S2) ; some years had less than a 462 dozen samples, while others had hundreds. Nonetheless, combined with the more recent 463 water quality data discussed above, these data suggest that pervasive hypoxia has not 464 occurred in the main channel of Coos Bay over the last 50 years. The two-year data record from the CTCLUSI and the eleven-year record from the 471 SSNERR show that although near bottom DO levels diminished as the dry season 472 progressed, the majority of the time (~90% in the dry season), the waters are not hypoxic 473 (Table 1) . September had the maximum occurrence of low DO levels at all locations, 474 although the Empire logger was significantly higher than the other two. It is likely lower 475 than the BLM logger because of its closer proximity to the mouth. Thus it might receive a 476 greater proportion of low DO upwelled water (Fig. 7) . 477 (Fig. 8) . Late in the dry season of 2013, there were more measurements 496 of waters below 4.6 mg L -1 , but still none below the 2 mg L -1 threshold. Despite a 497 stronger, longer, and more consistent upwelling season in 2012 (Fig. 3) that incorporated 498 cold, salty shelf waters into the estuary (Fig. 7) , there were fewer instances of lower DO. 499
Thus, it is likely that the DO values <4.6 mg L -1 can be attributed to the diminished 2013 500 residual flow facilitating longer residence times and allowing in situ biologic DO 501 drawdown. Additionally, the estuarine water temperatures in the summer of 2013 were 502 higher than in 2012 (Fig. 3) , facilitating increased biologic oxygen demand and decreased 503 solubility of oxygen across the air-water interface. 504 505
Synoptic Variability in DO 506
The advection of shelf waters into Coos Bay can cause DO variability on synoptic 507
timescales. Fig. 8 shows an example from April 2013 of how upwelling favorable winds 508 on the shelf allowed an inflow of relatively cold and salty water into the estuary. The 509 onset of the wind event on April 22 nd , and the peak wind stress on the 23 rd resulted in 510 minimum DO and temperatures, and maximum salinity on the 27 th . During this period, 511 DO dropped by 2 mg L -1 at both the South Slough and BLM stations, with a slight lag at 512 the BLM station (Fig. 8) . Unfortunately, the EMP DO sensor was malfunctioning during 513 this event, but given the gradients observed above ( Fig. 7; Table 1 ) we would expect even 514 lower DO levels at EMP. These time series capture the sequence of the movement of 515 upwelled water into Coos Bay, likely explaining the strong along-estuary gradient in DO 516 observed in the CTD transect in Apr-2013 (Fig 7) . With these large spatial DO gradients, 517 tidal currents can induce swings of 3-4 mg L -1 in DO levels at a single location (Fig. 8f) . 518 519 5. Discussion 520
Hydrographic variability and estuarine dynamics 521
Physical processes set the ambient DO conditions in the estuary, while biological 522 processes may modulate DO within the estuary. Rapid decreases of DO in Coos Bay can 523 be linked to upwelling-favorable wind events on the shelf during early summer (Fig. 8) . 524
And the inundation of the estuary with predominantly salty, oceanic water through the 525 dry season (Figs 2, 5) confirmed that shelf waters are key in setting the conditions for the 526 estuary, especially when freshwater flow is virtually nonexistent. Coos Bay is a seasonal 527 estuary, transitioning from a strongly stratified, salt-wedge type regime in winter during 528 storms, to a well-mixed, oceanic-influenced type in the summer. 529
We further corroborate the observational classification of Coos Bay from the 530 CTD transects by quantifying various estuarine non-dimensional parameters (Table 2) . 531
Simpson numbers, Si, also referred to as horizontal Richardson numbers, show the ratio 532 of tidal mixing strength to the estuarine circulation strength (Stacey et al., 2001) . Here, Si 533
, where ∂S/∂x is the depth-averaged, along-estuary salinity 534 gradient, and other variables are defined above. The CTD data provided ∂S/∂x, and tidal 535 velocities and water depth were approximated at 1 m s -1 and 10 m, respectively. For 536 months where more than one CTD transect was collected, Si represents the mean Si of 537 those months. 538 539 (Table 2) . 553
The estuarine Richardson number, Ri e = gβh 0 S 0 u f / (u d 2 ), where u f = Q r / A is 554 freshwater discharge rate per unit cross-sectional area of the estuary, and the densimetric 555
1/2 is a ratio of the energy input by river flow to the work done 556 by bottom stress (Geyer & Ralston, 2011) . Large Richardson numbers, Ri e > 0.8, imply a 557 stratified water column, while smaller values, Ri e < 0.8, imply a well-mixed system 558 (Fischer, 1976) . For Coos Bay, Ri e numbers followed our observations. In months of high 559 river flow, Ri e > 0.8, and the system was stratified (Fig. 2) . As the dry season progressed, 560
Ri e decreased, and the system became more well-mixed, with Ri e < 0.8 (Fig. 2) . 561
A more recent approach to estuarine classification uses the familiar freshwater 562
Froude number, Fr f = u f / (gβh 0 S mouth ) 1/2 , in addition to a mixing parameter that provides 563 insight to variability on tidal and seasonal timescales (Geyer and MacCready, 2014) . The 564
, is a ratio of tidal stirring to stratification, 565
1/2 is a buoyancy frequency, and ω is the tidal frequency. 566
For Fr f , we used scaled discharge data from the CWA to calculate freshwater flow 567 velocities. A mean discharge for each month from the thirteen-year dataset was used to 568 find a representative u f . Fr f for Coos Bay was on the order of ~10 -3 to ~10 -2 for months 569 that experience low to moderate discharge. Winter and spring months had In addition to seasonal and interannual variability in the hydrography and 582 estuarine circulation in Coos Bay, the ADCP data revealed unexpected disruptions to the 583 two-layer estuarine exchange flow on synoptic timescales. At times, the ADCP showed 584 along-estuary currents flowing out of the estuary at all depths (2-Dec-2013, 2-Jan-2014, 585
11-Jan-2014). These events corresponded to strong local southward winds occurring 586 during spring tides (Fig. 6) . The reverse happened when strong local northward winds 587 blow over the estuary during neap tides (11-Mar-2014). During these events, the along-588 estuary currents flowed up-estuary at all depths. 589
The effect of wind forcing on estuaries has been studied extensively, and its 590 influence can be predicted using the Wedderburn number,
where τ x is the along-estuary wind stress (N m -2 ), L is the length of the estuary, and ΔS is 592 the horizontal salinity difference averaged over the upper layer depth H 1 . W compares the 593 energy input directly by winds to an estuary to the potential energy available for driving 594 the baroclinic exchange flow (Chen and Sanford 2009; Geyer 1997 ). If W = 1, then the 595 wind input and baroclinic forcing are comparable and the estuarine circulation will be 596 significantly wind-influenced. 597
For Coos Bay, the along-estuary salinity gradient, estimated in W by ΔS/L, ranges 598 from 0.1-1.0 psu km -1 (Fig. 4) , H 1 is order 5 m (Fig. 2) , and along-estuary winds can be 599 0.05 N m -2 in both directions (Fig. 3) . Thus, minimum W occurs during light winds or 600 
Dissolved oxygen variability and link to estuarine dynamics 606
The data in this analysis show that hypoxia is not observed in the main channel of 607 Coos Bay, and has not been for the past decade and possibly longer. DO conditions prior 608 to 1957 need to be assessed further, possibly through the use of paleo-oxygenation 609
proxies (Gooday et al. 2009). 610
Lower DO waters were observed more frequently as the dry season progressed 611 (Table 1; Fig. 7 ). The location of the minima in DO levels along the estuary also migrated 612 from the mouth in the spring to the head of the estuary in the summer (Fig. 7) . This 613 spatiotemporal shift is due to upwelled shelf water spending longer in the estuary. 614
Increased residence times in Coos Bay in the dry season were facilitated by weakened 615 residual flow resulting from diminished discharge lowering the buoyancy forcing to the 616 estuary. Decreased estuarine exchange flow in late-summer inhibits the advection of low 617 DO shelf waters into the estuary; upwelled waters are observed early in the summer after 618 the spring transition, but not in late summer. Thus, the low DO observed in Coos Bay in 619 late summer must occur due to local processes-when waters spend more time in the 620 estuary, they are subject to increased biologic respiration that draws down DO levels. 621
Further research on the spatiotemporal variability in net ecosystem metabolism in Coos 622
Bay would serve to corroborate this finding. 623
The absence of hypoxic waters in the main channel of Coos Bay is in part due to 624 the well-mixed conditions in summer (Fig. 2) . Unlike other Pacific Northwest estuaries 625 that experience intermittent hypoxia-the Columbia River (Roegner et al. 2011) which 626 has year-round moderate to high discharge causing strong stratification, and Hood Canal 627 gradient, analogous to the differences discussed above between the 2012 (drier, lower 664 DO) and 2013 (wetter, higher DO) water years. This will cause longer residence times, 665 and presumably, higher susceptibility to biologically-driven hypoxia. 666 667
Conclusions 668
Coos Bay is a strongly seasonal system as evidenced by the T-S properties of 669 water in the main channel of the estuary. Most of the seasonality can be linked to variable 670 freshwater inflow to the estuary and coastal shelf processes. The seasonality of Coos Bay 671 results in large swings in its estuarine parameters and circulation, so much so that Coos 672
Bay can be classified into a seasonally-shifting pattern of estuarine regimes, from 673 strongly stratified during episodic wintertime storms to well-mixed during the 674 summertime dry months. 675
This seasonal variability has implications for dissolved oxygen levels and the 676 health of the estuary. While stratification is strong under high discharge conditions in the 677 winter, colder, well-oxygenated river waters, and downwelling conditions on the shelf 678 promote high DO levels. In the summer, discharge diminishes and residual flows 679 
